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(54) Reflective mixed-mode twisted nematic liquid crystal display 



(57) The invoniion ioIhIcs to reflective mixed-mode 
twisted nem^tir induct crystal displays. A direct -view dis- 
play consists of rt front substrate (1), a polarizer (3), liq- 
uid crystal (5) nnd * fcir substrate (7) having a reflective 
coating. The twist rtnqtc polarizer angle and retardation 
are optimised ^no l«u withtn the following ranges: twist 
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angle of between 67° and 63°; polariser angle of be- 
tween 5° and 21° or between 95° and 111°; and retar- 
dation of between 0.18 and 0.28. An alternative config- 
uration for the display is a projection display having a 
front substrate, a rear substrate with a reflective coating, 
liquid crystal between the substrates, a polarising beam 
splitter and a screen. 
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Description 

[0001] The present invention relates to reflective 
mixed-mode twisted nematic liquid crystal displays, and 
more particularly to such displays with an optimised s 
twist angle, polariser angle and retardation. 
[0002] Reflective-mode liquid crystal displays (LCDs) 
are known to offer various advantages compared with 
transmissive-mode liquid crystal displays. Reflective- 
mode liquid crystal displays have a lower power con- io 
sumption, are more easily readable in sunlight, have a 
thinner profile and weigh less. 
[0003] Transmissive-mode matrix liquid crystal dis- 
plays with back-light illumination commonly use a 90° 
twisted nematic cell. Such cells work by the mechanism is 
of polarisation rotation to provide the electro-optic effect. 
An incoming linearly polarised light follows the twist of 
the LCdirectors. Therefore, when light hastraversed the 
cell, its polarisation axis is rotated by approximately 90°, 
and the light is transmitted by a crossed polariser ' 20 
[0004] When such transmissive-mode twisted nemat- 
ic cells are employed in reflective displays, poor bright- 
ness and low resolution result. The poor brightness is 
caused by the light passing through the crossed polar- 
iser twice, and the low resolution is caused from the par- 2s 
allax which is due to the thickness of the polariser sitting 
between the liquid crystal cell and the reflecting mirror. 
[0005] Shin-Tson Wu et al describe in the paper 
"Mixed-Mode Twisted Nematic Liquid Crystal Cells for 
Reflective Displays', Applied Physics Letters 68(1 1 ), 11 30 
March 1996, pages 1455-1457. an improved reflective- 
mode display called a mixed-mode twisted nematic cell. 
Although the arrangement proposed by Wu et al is ad- 
vantageous in that it improves the brightness and elim- 
inates the parallax caused by using a transmissive twist- 35 
ed nematic cell, the arrangement proposed does not 
provide the optimum performance, 
[0006] The present invention is concerned with im- 
proving the performance of reflective mixed-mode twist- 
ed nematic liquid crystal displays. 40 
[0007] According to the present invention there is pro- 
vided a reflective mixed-mode twisted nematic liquid 
crystal display having a twist angle of between 67° and 
83°, a polariser angle of between 5° and 111°, and a 
retardation of between 0. 18 and 0,28. ' 45 

[0008] The polariser angle may suitably comprise a 
plurality of ranges suitably from 5° to 21° and from 95° 
to 111°. 

[0009] In one arrangement the twist angle is 76° ± 3 a , 
the polarised angle is 18° ± 3° and the retardation is so 
0.25 ± 0.03. In this arrangement, preferably, the twist 
angle is 76°, the polariser angle is 18° and the retarda- 
tion is 0.25. 

[0010] In another arrangement, the twist angle is 70° 
± 3°, the polariser angle is 8° + 3° and the retardation ss 
is 0.21 ± 0.03. In this arrangement, preferably, the twist 
angle is 70°, the polariser angle is 8° and the retardation 
is 0.21. 



[0011] In a further arrangement, the twist angle is 80° 
± 3°, the polariser angle is 16° ± 3° and the retardation 
is 0.23 ± 0.03. In this arrangement, preferably, the twist 
angle is 80°, the polariser angle is 1 6° and the retarda- 
tion is 0.23. 

[0012] The polariser angle may be 98°, 108° or 106°, 
each ± 3°. In each case the retardations may respec- 
tively be 0.21, 0.25 and 0.23. The optical performance 
of devices incorporating such polariser angles is similar 
to or identical to that rotation of the polariser through the 
above values minus 90°, namely on 8°, 18° or 16° po- 
lariser angle. 

[001 3] The display may comprise a polariser, a liquid 
crystal cell and reflecting means, and may be a direct- 
view display. 

[0014] Alternatively, the display may comprise a po- 
larising beam splitter, a liquid crystal cell and reflecting 
means. This type of display is usually a projection dis- 
play. 

[0015] For a better understanding of the present in- 
vention, embodiments will now be described by way of 
example, with reference to the accompanying drawings, 
in which: 

Figure 1 is a schematic diagram of a normally black 
direct-view reflective liquid crystal display; 

Figure 2 is a schematic diagram of a normally white 
projection reflective liquid crystal display; 

Figure 3 shows the definitions of twist angle and po- 
lariser angle for a mixed-mode twisted nematic liq- 
uid crystal display; 

Figure 4 shows a plot of retardation against inte- 
grated reflectance at all wavelengths of a display 
according to a first embodiment of the present in- 
vention, where the twist angle is 76°, the polariser 
angle is 18° and the retardation is 0.25; 

Figure 5 is a plot of retardation against sensitivity to 
retardation variation for the first embodiment of the 
present invention; 

Figure 6 is a plot of wavelength against reflectance 
for a display of the first embodiment of the present 
invention; 

Figure 7 shows "off '-•on" transition curves for three 
colours for the display according to the first embod- 
iment of the present invention; 

Figure 8 shows a plot of retardation against inte- 
grated reflectance at all wavelengths for a display 
according to a second aspect of the present inven- 
tion, where the twist angle is 70°, the polariser angle 
is 8° and the retardation is 0.21 ; 



3NSCOCID: <EP 09859S3A2_L> 



2 



3 EP 0 985 

Figure 9 is a plot of retardation against sensitivity to 
retardation variation for the second embodiment of 
the present invention; 

Figure 1 0 is a plot of wavelength against reflectance s 
for a display of the second embodiment of the 
present invention; 

Figure 11 shows "off"-"on" transition curves for 
three colours for the display according to the sec- io 
ond embodiment of the present invention; 

Figure 12 shows a plot of retardation against inte- 
grated reflectance at all wavelengths for a display 
according to the third embodiment of the present '5 
invention, where the twist angle is 80°°, the polar- 
iser angle is 1 6* and the retardation is 0.23; 

Figure 1 3 is a plot of retardation against sensitivity 
to retardation variation for the third embodiment of 20 
the present invention; 

Figure 1 4 is a plot of wavelength against reflectance 
for a display of the third embodiment of the present 
invention; 25 

Figure 15 shows W-"on" transition curves for 
three colours for the display according to the third 
embodiment of the present invention; 

30 

Figure 16 shows plots of 'off-state wavelength 
against normalised reflectance for the first, second 
and third embodiments of the present invention and 
three comparative examples. 

35 

Figure 17 shows the "off "-"on" transition curves for 
three colours for the display of a first comparative 
example; 

Figure 1 8 shows the "ofr^on" transition curves for 40 
three colours for a display of a second comparative 
example; 

Figure 19 shows the "off-"on" transition curves for 
three colours for a display of a third comparative ex- 45 
ample. 

[001 6] Mixed-mode twisted nematic liquid crystal dis- 
plays may be used in a direct-view or projection config- 
uration. By adjusting the cell parameters, both normally 50 
white and normally black cells can be obtained. The nor- 
mally white/black direct view application using a single 
polariser corresponds to the normally black/white pro- 
jection application using a polarising beam splitter. 
[0017] Figure 1 shows a schematic diagram of nor- ss 
mally black direct-view reflective liquid crystal display 
However, it should be understood that direct-view dis- 
plays do not have to be normally black and use a polar- 
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iser. The display comprises a froot substrate 1, a single 
polariser 3, liquid crystal 5 artf a rear substrate 7 having 
a reflective coating thereon. 

[0018] Incident light is linearly polarised by the polar- 
iser 3. In the "off" state, the twist and birefringence of 
the liquid crystal 5 induce a 90° change in the state of 
polarisation of the reflected light. The reflected light is 
subsequently blocked by the polariser, which produces 
a dark image. In the "on" state, the state of the polari- 
sation of the incident light is not changed and the reflect- 
ed light is allowed to pass through the polariser to pro- 
duce a bright image. Figure 1 shows both the "off" and 
"on" states. 

[0019] Figure 2 shows a schematic diagram of a nor- 
mally white projecting reflective liquid crystal display. 
Compared with the arrangement of Figure 1, the polar- 
iser 1 is replaced with a polarising beam splitter 9. How- 
ever, it should be understood that projection displays do 
not have to be normally white and use a plola rising beam 
splitter. The angle of the liquid crystal director to the po- 
larising beam splitter 9 is the same as the angle to the 
polariser 3 in Figure 1 . Incident light is polarised linearly 
by reflecting off a cube prism polariser comprising the 
polarising beam splitter 9, and is directed to the liquid 
crystal 5, which is the same as the liquid crystal 5 of the 
Figure 1 arrangement. The light is reflected back by the 
rear substrate 7, having a reflective coating, which is the 
same as the rear substrate 7 of the Figure 1 arrange- 
ment. In the "off" state, a 90° change in the state of po- 
larisation is induced in the light reflected from the rear 
substrate 7. The reflected light is able to pass through 
the polarising beam splitter, which produces a bright im- 
age on screen 11. In the "on" state, the state of polari- 
sation of the reflected light is unchanged. The light is 
subsequently reflected by the polarising beam splitter 
back in the direction of the incoming light, thereby pro- 
ducing a dark image on the screen 11. Figure 2 shows 
the arrangement for both the "off" and "on" states. 
[0020] It should be noted that the normally white mode 
using a polarising beam splitter can also be employed 
in direct-view applications. 

[0021] The discussion below assumes a normally 
white (i.e. white in the "off" state) projection display. 
[0022] In a normally white projection application, the 
brightness of the "off" state is dependent upon the bire- 
fringence of the liquid crystal. Therefore, precise tuning 
of the cell parameters is imperative. 
[0023] The present embodiments seek to ach ieve (1 ) 
maximum contrast, (2) uniformity of response to differ- 
ent wavelengths (broadness of band), and (3) insensi- 
tivity of response to cell gap variation. 
[0O24] In both the direct-view and projection configu- 
rations, uniformity of cell response to different wave- 
lengths is important in colour sequential applications, 
where the signals for three colours are multiplexed in 
time. Colour sequential applications require one single 
broad band cell. 

[0025] In prior art mixed-mode twisted nematic liquid 



5D0CI0: <EP_098S953A2J_> 



3 



5 



EP 0 985 953 A2 



6 



crystal displays, performance is very sensitive to varia- 
tions m the eel! gap, and this is why it is particularly im- 
portant lor the embodiments of the present invention to 
provide tn sensitivity of performance to cell gap variation. 
The retardation of a liquid crystal display is defined as s 
the produc: ol cell gap and birefringence of the liquid 
crystal 

[0026] Figure 3 shows the definition of the twist angle 
and pold riser angle parameters for a mixed-mode twist- 
ed nematic liquid crystal display. The twist angle is the io 
difference between the alignment directions at the front 
and rear surfaces of the mixed-mode twisted nematic 
cell Polariser angle is the angle between the alignment 
direction ol the front surface of the mixed-mode twisted 
nematic ccn and the polarisation axis. is 
[0027] to achieve insensitivity of response to retarda- 
tion variation a performance measure is developed. 
Tho retardation is allowed to vary for ± 0.01 and the in- 
tegral d flerencc between the two response curves is 
obtained Let R^>.) Do the reflectance of the LCDs at 20 
retardation / measured at wavelength X. We define 

/700nm 
^=400nm 

as a mcaswro ol rvightness at the "off state. The sen- 
sitivity ol spectra performance to retardation variation 30 
at a particular fcWrcWtion value is defined as 

lit 0 I4»( r + 0.01 )-4>(r-0.01 )l 

35 

[0028] Notice that lor the "off "-'on' transition simula- 
tion, reflective mode with one single ideal polarise r is 
used to emulate the use of a polarising beam splitter. 
This results in an optical inversion (dark state becomes 
bright and vice versa) 40 
[0029] Three configurations have been derived which 
give good 'off' state brightness and "on" state darkness, 
insensitivity to retardation variation, and excellent uni- 
formity in Irequency response. They are as follows: 

45 

(1) 76 s i T twist angle. 18° ± 2° polariser angle, 
arid 0 25 i 0 02 retardation (abbreviated as 
76.18.0 25 rrxxle) 

(2) 70° i 2* twis: angle. 8° ± 2° polariser angle, and 
0.21 1 0 02 retardation (abbreviated as 70,8,0.21 50 
mode) 

(3) 80° 1 2° twist angle, 16° ± 2° polariser angle, 
and 0 23 l 0 02 retardation (abbreviated as 
80,16.0 23 mode) 

55 

The 76,18,0.25 mode (1) 

[0030] For the 76 s twist angle, 18° polariser angle 



mode, cells with different retardation (0.20-0.30, 0.01 
step) are simulated. Figure,4 and 5 show respectively 
0(r) and l$(r+0.01)-O(r-0.01)l. From Figures 4 and 5, 
the maximum of O(r) and the minimum of l<£(r+0.01)-<X> 
(r-0.01)l occur at the retardation value 0.25. This retar- 
dation value corresponds to the maximum "off" state 
brightness and minimum sensitivity to retardation vari- 
ation according to the above definition. Figure 6 shows 
the plot of wavelength against normalised reflectance 
for the 76,18,0.25 mode, Figure 7 shows the "off'-"on" 
transition curves for* the three wavelengths 450nm, 
550nm, and 650nm. Notice the optical inversion in Fig- 
ure 7. 

The 70,8,0.21 mode (2) 

[0031] Figures 8 and 9 show respectively 0(/) and IO 
(r+0.01 )-<P(r-0.01 )l for retardation values 0. 1 5 < r £ 0.25. 
We observe that the maximum of 0(r) and the minimum 
of IC»(r4O.01)-O(r-0.01)l occur at the retardation value 
0.21. The value corresponds to maximum "off" state 
brightness and minimum sensitivity to retardation vari- 
ation according to our criteria. Figure 10 shows the 
wavelength against reflectance plot for the quiescent 
state while Figure 11 shows the "off "-"on" transition 
curves. Notice the optical inversion in Figure 11. 

The 80,16,0.23 mode (3) 

[0032] Figures 1 2 and 1 3 show respectively O(r) and 
l<D(r+0.01 )-<I>(f-0.01 )l for retardation values from 0.20 to 
0.30. we observe that the maximum of 0>(/) and the min- 
imum of l<I>(r+O.01)-<I>(r-O.01)l occur at the retardation 
value 0.23 which corresponds to maximum "off" state 
brightness and minimum sensitivity to retardation vari- 
ation according to the above criteria. Figure 14 shows 
the wavelength against reflectance plot for the quies- 
cent state while Figure 1 5 shows the "off '-"on" transition 
curves. Notice the optical inversion in Figure 15. 
[0033] For each of the modes (1 ) to (3), the range of 
twist angle, polariser angle and retardation can be var- 
ied, respectively, by ± 3°, ± 3° and 1 0.03 (rather than by 
± 2°, ± 2° and ± 0.02, as above), and still provide supe- 
rior characteristics. However, with the larger ranges, a 
background colour may appear on the display. In some 
applications this can be tolerated. 

Comparative Examples 

[0034] Three commonly known existing mixed-mode 
nematic operating modes are as follows: 

(4) 45° twist angle, 22.5° polariser angle, and 0.32 
retardation (abbreviated as 45,22.5,0.32 mode) 

(5) 60° twist angle, 30° polariser angle, and 0.35 
retardation (abbreviated as 60,30,0.35 mode) 

(6) 90° twist angle, 20° polariser angle, and 0.24 
retardation (abbreviated as 90,20,0.24 mode) 



25 
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[0035] Figure 1 6 shows plots of "off" state wavelength 
against normalised reflectance for modes (1)-(3) ac- 
cording to the present invention and modes (4)-(6) of 
the Comparative Examples. 

[0036] In Figure 16 characteristics of mode (1) are 
shown with circles "0"; characteristics of mode (2) are 
shown with solid line characteristics of mode (3) are 
shown with dotted line "...", characteristics of mode (4) 
are shown with asterisks characteristics of mode (5) 
are shown with crosses "x"; and characteristics of mode 
(6) are shown with plus signs "+\ 
[0037] The modes (1)-(3) are superior to the modes 

(4) -(6) in terms of higher uniformity of response to dif- 
ferent wavelengths (broader band) and brightness. The 
reflectivity of mode (5) reaches the peak at about 550nm 
but is very colour dispersive. The modes (4) and (6) are 
not bright enough. 

[0038] The following table shows the measures <Dand 
li for the "oft* states. It can be observed that the modes 
( 1 )-(3) are superior to the modes (4)-(6) in the sense of 
smaller sensitivity of performance to retardation varia- 
tion Figures 1 7, 18 and 1 9 show the "off "-"on" transition 
lor the modes <4)-(6). It can be seen that modes (4) and 
(6) are not bright enough in the "off state while the mode 

(5) is colour dispersive. 





MODE 


<J> 


Q 


(1) 


76,18.0.25 


28.2970 


0.0559 


(2) 


70.8,021 


29.0755 


0.1367 


(3) 


80,16,0.23 


28.0498 


0.2258 


(4) 


45,22.5,0.32 


21.8945 


0.4089 


(5) 


60,30,0.35 


24.2812 


1.2732 


(6) 


90,20.0.24 


25.2213 


0.2734 



[0039] The colours used in modes (1)-(3) according 
to the present invention, and in modes (4)-(6) of the 
Comparative Examples are 450nm (light blue) 550nm 
(purple) and 650nm (dark blue). 
[0040] The present invention may be particularly ap- 
plicable to reflective microdisplays for direct-view or pro- 
jection applications. Microdisplays are small, high reso- 
lution displays, further details of which can be found on 
web site WWW.MICRODISPLAYWEB.COM. One par- 
ticular microdisplay wilh which the present invention 
may be useful is one based on bulk silicon wafer incor- 
porating active matrix with a reflective liquid crystal lay- 
er. 



Claims 



tween 0. 1 8 and 0.28. 

2. A device according to claim 1 , wherein the polariser 
angle range comprises the ranges 5° to 21 ° and 95° 

* tO 111°. 

3. A device according to claim 1 , wherein the device 
has a twist angle of 76° ± 3°, a polariser angle of 
1 8° ± 3° and a retardation of 0.25 ± 0.03. 

10 

4. A device according to claim 3, wherein the device 
has a twist angle of 76°, a polariser angle of 1 8° and 
a retardation of 0.25. 

is 5. A device according to claim 1 , wherein the device 
has a twist angle of 70° ± 3*, a polariser angle of 8° 
± 3° and a retardation of 0.21 ± 0.03. 

6. A device according to claim 5, wherein the device 
20 has a twist angle of 70°, a polariser angle of 6° and 

a retardation of 0.21 . 

7. A device according to claim 1 , wherein the device 
has a twist angle of 80° ± 3°, a polariser angle of 

25 16° + 3° and a retardation of 0.23 ± 0.03. 

8. A device according to claim 7, wherein the device 
has a twist angle of 80°, a polariser angle of 1 6° and 
a retardation of 0.23. 

30 

9. A device according to claim 1 , wherein the device 
has a twist angle of 76° ± 3°, a polariser angle of 
1 08° ± 3° and a retardation of 0.25 ± 0.03. 

35 10. A device according to claim 9, wherein the device 
has a twist angle of 76°, a polariser angle of 108° 
and a retardation of 0.25. 

11. A device according to claim 1 , wherein the device 
40 has a twist angle of 70° ± 3°, a polariser angle of 

98° ± 3° and a retardation of 0.21 ± 0.03. 

12. A device according to claim 11 , wherein the device 
has a twist angle of 70°, a polariser angle of 98° and 

45 a retardation of 0. 2 1 . 

13. A device according to claim 1 , wherein the device 
has a twist angle of 80° ± 3° , a polariser angle of 
106° ± 3° and a retardation of 0.23 ± 0.03. 

so 

14. A device according to claim 1 3, wherein the device 
has a twist angle of 80° , a polariser angle of 106° 
and a retardation of 0.23. 



1. A reflective mixed-mode twisted nematic liquid ss 15. a device according to any one of claims 1 to 14, 
crystal display device, characterised by having a wherein the device is a display comprising a polar- 
twist angle of between 67° and 83°, a polariser an- iser, a liquid crystal cell and reflecting means, 
gle of between 5° and 1 1 1 °, and a retardation of be- 
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16. A device according to any one of claims 1 to 14, 
wherein the device is a display, comprising a polar- 
ising beam splitter, a liquid crystal cell and a reflect- 
ing means. 
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(57) The invention relates to reflective mixed-mode 
twisted nematic liquid crystal displays. A direct-view dis- 
play consists of a front substrate (1), a polarizer (3), liq- 
uid crystal (5) and a rear substrate (7) having a reflective 
coating The twist angle, polarizer angle and retardation 
are optimised and fall within the following ranges: twist 
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angle of between 67° and 83°; polariser angle of be- 
tween 5° and 21° or between 95° and 111°: and retar- 
dation of between 0.1 8 and 0.28. An alternative config- 
uration for the display is a projection display having a 
front substrate, a rear substrate with a reflective coating, 
liquid crystal between the substrates, a polarising beam 
splitter and a screen. 
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(54) Reflective mixed-mode twisted nematic liquid crystal display 



(57) The invention relates to reflective mixed-mode 
twisted nematic liquid crystal displays. A direct-view dis- 
play consists of a front substrate (1 ), a polarizer (3), liq- 
uid crystal (5) and a rear substrate (7) having a reflective 
coating. The twist angle, polarizer angle and retardation 
are optimised and fall within the following ranges: twist 



angle of between 67° and 83°; polariser angle of be- 
tween 5° and 21° or between 95° and 111°; and retar- 
dation of between 0.18 and 0.28. An alternative config- 
uration for the display is a projection display having a 
front substrate, a rear substrate with a reflective coating, 
liquid crystal between the substrates, a polarising beam 
splitter and a screen. 
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